In recent years, employing radiation technology is gaining great interest in degradation of industrial effluents. In this work the possibility of using gamma irradiation to degrade Reactive Red 120 (C. I.292775) was explored. The effects of pH, dose of gamma irradiation and concentration of dye were examined and their interaction were also established based on their response. For the analysis and optimisation of variables, three factor three level Box-Wilson face centred central composite design (CCF) was used. Analysis of variance with R 2 ¼ 0.9988, adjusted R 2 ¼ 0.9981 and the adequate precision value of 122.303 indicates that the CCF model can be used. The coefficient of variation (0.54%) indicates the reliability of the model. The dose of gamma irradiation (kGy) and the concentration of dye (mg/L) showed significant effects on the degradation of RR 120, while a difference of 6 to 10% degradation was observed in extending the pH towards the acid or alkali range from pH 7.00. The maximum concentration of dye degraded was observed as 347.509 mg/L at initial pH: 7.0, dose of gamma irradiation: 5.94 kGy and initial concentration of dye: 500 mg/L. This predicted value was found to be in agreement with the experimental value on the optimised conditions.
INTRODUCTION
Highly concentrated toxic refractory dyestuffs are originated as effluents by textile industries. These effluents are one of the major pollutants of the ground water and river water all over India. Effective treatment of dye industrial effluents could be an easy and safe way for the survival of the industry and the environment, but it has not been achieved by ordinary treatment processes like chemical or biological treatment because textile dyes are considered as recalcitrant xenobiotics which are highly resistant to degradation (Pandey et al. ; Khandegar & Saroha ) . These methods are not efficient in developing a zero discharge technology. As these dyes are highly stable, the discarded dye remains long-term in the environment, and accumulation of these leads to bio-magnification (Sharma et al. ) . The reactive azo and anthraquinone group of dyes is the largest class (∼80%) among the industrially employed dyes (Carliell et al. ) . These highly stable complex dyes are toxic, carcinogenic and mutagenic, which may pose a potential health hazard to humans (Turesky ; Dumont et al. ) . Recently, researchers have developed an augmented technology employing advanced oxidation processes (AOPs) that utilise the free radicals (·OH) for the oxidation of industrial effluent. Strong oxidising potential leading to decomposition, zero sludge and less production of toxic intermediates are some advantages of AOPs (Paul et al. b (Paul et al. b) and ionising gamma rays (Solpan & Güven ; Sun et al. ) . The degrading potential of ionising radiation was explored for various industrial effluent treatments in recent years (Paul et al. a, ) because the reactive transient radicals produced on radiolysis of water are highly efficient in degrading textile dyes. The radiolysis of water leads to the generation of radicals and is effective for the degradation of organic and inorganic pollutants in the textile effluent. The overall reaction of radiolysis of water is given below in Equation (1) (Spinks & Woods ) :
Although there are several reports on the use of various AOPs, much less work has been reported on employing radiation technology for the treatment of textile dyes (Sun et al. ; Paul et al. ) . Usage of gamma radiation technology for the treatment of dyes requires a detailed study on the effect of operational parameters for the degradation of complex dyes. From the literature, the effect of operational parameters like irradiation dose, pH, temperature, concentration of dye, and oxidizing agents (Solpan & Güven ) on degradation of textile dyes by gamma radiation was studied by the varying one factor at a time approach. To the best of our knowledge, no work has been reported on the study of interaction between the operational parameters in the process on degradation of textile dyes.
This works aims to study the possibility of using gamma irradiation to degrade Reactive Red 120 (RR 120) (C.I.292775), which was taken as the model dye because most of the textile industries use reactive azo dyes. The effects of pH, dose of gamma irradiation and concentration of dye were examined and the interactions between the variables and responses were established. For the analysis and optimisation of variables, three factor three level Box-Wilson face centred central composite design (CCF) was used.
MATERIALS AND METHODS

Materials
RR 120 of molecular formula: C 44 H 24 Cl 2 N 14 O 20 S 6 Na 6 and molecular weight: 1,469.98 g/mol was purchased from Sigma-Aldrich. The molecular structure of RR 120 dye is shown in Figure 1 . RR 120 dye contains six sulphonic groups (aryl -S(¼O) 2 -OH), two phenolic groups (ÀOH group bonded to aromatic ring), and two reactive chlorotriazine groups (Paul et al. b) . Deionized water was used to prepare RR 120 dye solutions of different concentrations (100, 250, 300, 500 mg/L). The pH of the solutions was measured before and after radiation by pH meter (Elico, LI 617). RR 120 dye solution of 30 mL was prepared and subjected to irradiation studies in Pyrex borosilicate glass tubes of 2.5 cm diameter and 8 cm length.
Gamma irradiation and analysis
Irradiation of RR 120 was carried out at different doses (1-6 kGy) using a 60 Co source gamma chamber (Meat Technology Unit, Kerala Veterinary and Animal Sciences University, Kerala, India) having a dose rate of 2.5 kGy.h -1 . The dose rate was determined by using the Fricke dosimetry method. The absorption spectra and change in concentration of RR 120 dye during degradation were monitored at 536 nm using a UV-Visible spectrometer (Eppendorf -Kinetic, Germany).
The percentage of degradation was determined using Equation (2):
where A b and A f are the maximum absorbance of the dye solution before and after irradiation, respectively.
Degradation of RR 120 by gamma radiation
The effects of pH (3.0-11.0), concentration of dye (100-500 mg/L), and dose of gamma irradiation (1-6 kGy) on the degradation of RR 120 were studied. 250 mg/L of RR 120 solutions was subjected to gamma irradiation of different doses at different pH ranging from 3.0 to 11.0. The effect of concentration of dye on the degradation was carried out by irradiating RR 120 solutions of different concentration at different doses of gamma irradiation. All the experiments were carried out in triplicates and the mean values were taken for the analysis. The controls were kept in the respective experiments. 
Experimental design and statistical analysis
The prime importance of response surface methodology (RSM) is to determine the optimum operating conditions rather than understanding the mechanism of the process or system ( . In this study, three factor three level Box-Wilson CCF was used for the optimisation of variable parameters for the degradation of RR 120 by gamma radiation, since it provides excellent prediction near the centre of the design space. The CCF approach was applied to establish the optimal level of three variables: factor A -pH; factor Bdose of gamma irradiation; factor Cconcentration of dye, and to study the interaction between these factors (Table 1) . The total number of experiments with three factors was 20 [2 n (2 3 ¼ 8 factorial points) þ 2n (2*3 ¼ 6 axial star points) þ 6 centre points] as given by the statistical software package Design Expert 7.0.0., Stat-ease, USA. The second order polynomial equation was used to relate the independent variables and response:
where Y is the response; A, B, C are variables; β 0 is the model intercept coefficient; interaction coefficient of linear (β 1 , β 2 , β 3 ), quadratic (β 11 , β 22 , β 33 ) and the second order terms (β 12 , β 13 , β 23 ); e i is the error term (Maran et al. ).
RESULTS AND DISCUSSION
Changes of absorption spectra
The absorption spectra of the unirradiated and irradiated (3 and 6 kGy) aqueous RR 120 solutions is shown in Figure 2 . One absorption peak was observed at 292 nm and another peak at 536 nm in unirradiated RR 120 solution. The absorption peaks in the UV and visible region decreased with the increasing dose of gamma radiation.
Effect of process parameters
The percentage of degradation of RR 120 (250 mg/L) at different pH and at different doses is shown in Table 2 . As the dose of gamma irradiation increases from 1 kGy to 6 kGy, the percentage of degradation also increases from 19.45 to 79.33 (pH 3.0), 22.12 to 85.10 (pH 5.0), 24.67 to 85.46 (pH 7.0), 22.56 to 84.64 (pH 9.0) and 18.21 to 76.91 (pH 11.0), respectively. The pH of the solutions decreases towards the acidic range as the percentage of degradation increases (Table 3 ). The formation of smaller molecules like dicarboxylic acids or acetic acid derivatives due to the fragmentation of dye compounds is responsible for the decrease in pH (Wang et al. ) . The effect of initial concentration of dye on degradation of RR 120 dye was evaluated by irradiating the solutions of varying concentration ranging from 100 to 500 mg/L at pH 7.0. After 6 kGy of gamma irradiation, 95.05% of 100 mg/L, 83.02% of 300 mg/L and 65.46% of 500 mg/L was degraded. Under optimal conditions, it was observed that the elimination of RR 120 dye increases as the concentration of dye increases up to 500 mg/L.
Process optimisation using RSM
Model results for the degradation From the results of CCF based RSM design, the data were fitted into the second order polynomial equation, and the empirical relationship (coded factors) between the dependent and independent parameters involved in the degradation of RR 120 established using Design Expert 7.0.0. is given below:
The model equation has been transformed to log 10 scale as suggested from the Box-Cox plot. Based on the above reduced model equation, the predicted and experimental results for the degradation of RR 120 were calculated. The significance and adequacy of the model were tested by analysis of variance (ANOVA) (Soltani et al. , a, b) . As given in Table 4 , the regression model has a high co-efficient of determination (R 2 ¼ 0.9988). The significance of the model can also be demonstrated by adjusted R 2 value (Amini et al. ) . In this model, the adjusted R 2 was found to be 0.9981, and it is highly in agreement with R 2 . The F-value of the model is 1,427.2, which implies the model is significant.
In this model, the linear terms A, B, C, interacting terms BC and quadratic terms A 2 , B 2 , C 2 are significant model terms, as their P-values are low (0.0013, <0.0001, <0.0001, < 0.0001, 0.0002, <0.0001, <0.0001, respectively). The signal to noise ratio can be determined by 'adequate precision' and the desired value should be greater than 4 (Soltani et al. ) . The ratio of 122.303 reflects adequate signal for the model. The coefficient of variation (0.54%) indicates the reliability of the model. Figure 3(a) ) shows the relation between predicted and experimental values for the degradation. The adequacy of the model can also be evaluated by the residuals calculated by the difference between experimental and predicted values (Soltani et al. a, b) . From the plot between internally studentised residuals versus normal probability (%) for the degradation (Figure 3(b) ), it is evident that the obtained data points are close to the vicinity of the straight trend line, as there is no obvious disperse effect. The plots Interaction between the operational parameters on the degradation of RR 120
The interactions between the parameters or factors can be studied using 3D surface or contour plots developed using the regression equation (Olmez-Hanci et al. ; Soltani et al. a, b) . These pictorial representations relate the interaction effect of two variables when the other factor is kept constant.
The experimental results as shown in Table 4 reveal that the change in pH does not have any significant effect on the interaction with the dose of gamma radiation and the concentration of dye. Therefore, the interacting terms of pH with dose of gamma radiation and pH with concentration of dye are removed from the model equation for the ANOVA. The effect of concentration of dye and dose of gamma irradiation on degradation of RR 120 at pH 7.00 is shown as the 3D response surface plot and contour plot in Figure 4 (a) and 4(b). The analysis of 3D surface and contour reveals that for degrading 347.16 mg/L of dye, the dose of gamma radiation required is 5.94 kGy at constant pH of 7.0. As the degradation of dye by gamma radiation is attributed to the generation of free radicals, the increase in dose of gamma irradiation generates a high amount of free radicals, which promotes the degradation process (Zhou & He ) .
The concentration of dye degraded increased three-fold as the dose increased from 1 to 6 kGy at initial concentration of dye (500 mg/L), whereas at lower concentration (100 mg/L), a two-fold increase was observed when the dose was increased from 1 to 6 kGy.
Degradation optimisation and confirmation
The main objective is to determine the optimum value of the variables for the degradation of RR 120 by gamma radiation by using a model obtained from experimental data. The operational variables were selected within the limits of study with the goal of achieving maximum degradation at maximum range of dye concentration. From the various solutions, the maximum concentration of dye degraded was observed as 347.509 mg/L at initial pH: 7.0, dose of gamma irradiation: 5.94 kGy and initial concentration of dye: 500 mg/L. To confirm the model adequacy, the model was validated by conducting experiments under the above said optimal conditions. Under these conditions, the model predicted a maximum concentration of dye degraded as 347.509 mg/L, whereas the observed response is 349.12 mg/L. The difference between the predicted and the experimental response is approximately 2 mg/L.
CONCLUSION
The results of this present study on degradation of RR 120 by gamma radiation demonstrates that CCF design could be used for the design and optimisation of the process. ANOVA with R 2 ¼ 0.9988, adjusted R 2 ¼ 0.9981, and the adequate precision measuring the signal to noise ratio is 122.303, indicating that this model can be used for this application. The doses of gamma irradiation and the concentration of dye show significant effects on the degradation of RR 120. The maximum concentration of dye degraded was observed as 347.509 mg/L at initial pH: 7.0, dose of gamma irradiation: 5.94 kGy and initial concentration of dye: 500 mg/L. This predicted value was found to be in agreement with the experimental value in the optimised conditions. In the past few decades, much research has been reported in the processing of municipal sewage waste by ionising gamma radiation. The usage of radiation technology for the industrial treatment was at laboratory or pilot scale, and the large scale industrial application was reported in some countries, like Germany and India. The economic feasibility analysis and demonstration plants are the key challenges in transferring this technology to industry. The advancement in the monitoring, process control, and maintenance under the guidelines of international and national bodies like IAEA and AERB can provide enough safety guarantee and guidelines for employing gamma radiation in waste water treatment.
